Introduction {#Sec1}
============

Anaplastic large cell lymphoma (ALCL) is an aggressive mature T-cell lymphoma that usually expresses the lymphocyte activation marker CD30 and often lacks expression of T-cell antigens, such as CD3, CD5, and CD7^[@CR1]^. Histological patterns of ALCL are recognized as the so-called common pattern (most frequent: 60--70%), lymphohistiocytic pattern, small cell pattern, and Hodgkin-like pattern. ALCLs are commonly classified into systemic ALK-positive ALCL, systemic ALK-negative ALCL, and primary cutaneous ALCL (cALCL). ALK-positive ALCL has the *ALK* gene rearrangement that generates the ALK fusion protein and the product of translocation partner gene. Genetic changes in ALK-negative ALCL have been recently clarified, such as *Dual Specificity Phosphatase 22* (*DUSP22)* or *TP63* rearrangement, which is exclusive to *ALK* rearrangement^[@CR2]--[@CR4]^. Approximately 30% and 8% of ALK-negative ALCL patients have *DUSP22* and *TP63* rearrangement, respectively, and ALCL patients with *TP63* rearrangement have a worse prognosis, while patients with *DUSP22* rearrangement generally have an intermediate or good prognosis^[@CR2],[@CR5],[@CR6]^. ALCL cases without these rearrangements are still classified into a "basket waste category", triple-negative type^[@CR2]^. cALCL, which is usually only located in the skin, has the most favorable outcome among the these ALCL subtypes.

MYC-associated factor X (MAX) is a protein in the basic helix-loop-helix leucine zipper (bHLHLZ) family that can homodimerize or heterodimerize with other bHLHLZ proteins, in particular, oncoprotein MYC^[@CR7]^. MYC-MAX heterodimer activates transcription of target genes by binding to the E-box DNA sequence (CACGTG), while MAX-MAX homodimer competitively inhibits this transcription of MYC-associated genes. MYC can regulate cell proliferation, differentiation, and apoptosis in cooperation with MAX, and this binding to MAX is known to be necessary for *MYC* transcriptional activities^[@CR7]^. Recently, it has been reported that MYC regulates the proliferation of aggressive mature T-cell lymphomas, ALCL, and peripheral T-cell lymphoma, not otherwise specified (PTCL-NOS). Differential diagnosis of these diseases can be difficult because of their immunophenotypic similarities^[@CR8]--[@CR12]^. MAX expression and function in ALCL remain to be elucidated, although MAX expression is absent in some solid cancers such as small cell lung cancer and gastric intestinal stromal tumor^[@CR13],[@CR14]^, and MAX is considered a tumor suppressor gene^[@CR7],[@CR15],[@CR16]^. In this study, we evaluated MAX expression in ALCL patients and examined the impact of MAX expression as a prognostic marker of ALCL. We also determined whether MAX expression can be a candidate biomarker to differentiate between ALCL and PTCL-NOS.

Results {#Sec2}
=======

MAX expression is decreased in lymphoma cell lines {#Sec3}
--------------------------------------------------

MYC and MAX expression in lymphoma-derived cell lines was assessed by western blotting. MAX expression was not observed in two ALCL cell lines, K299 and SUDHL1, whereas other cell types expressed MAX protein (Fig. [1](#Fig1){ref-type="fig"}A). MYC was expressed in all lymphoma cell lines analyzed. MAX mRNA expression was also decreased in K299 and SUDHL1 cells (Fig. [1](#Fig1){ref-type="fig"}B). Immunohistochemical analysis of cell blocks showed MYC expression in all cell lines, whereas MAX expression was at low level in two ALCL cell lines (Fig. [1](#Fig1){ref-type="fig"}C). From these results, we hypothesized that MAX expression is decreased in ALCL.Figure 1MAX expression in various lymphomas. (**A**) Western blotting, (**B**) reverse transcriptase PCR, and (**C**) immunohistochemical analysis of cell blocks from cell lines revealed that MAX expression was repressed in ALCL cell lines (inset with fourfold magnification). Bars: 50 μm. ALCL, anaplastic large cell lymphoma; HL, Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; BL, Burkitt lymphoma; T-LBL, T lymphoblastic lymphoma.

MYC and MAX expression in ALCL and PTCL-NOS patients {#Sec4}
----------------------------------------------------

To clarify whether MAX expression is at low level in ALCL, we analyzed two independent datasets from a public database (GSE19069 and GSE65823). *MAX* transcription in ALK-negative ALCL was lower than that in PTCL-NOS in both datasets. *MAX* expression in ALK-positive ALCL patients was significantly lower than in PTCL-NOS in the GSE65823 dataset, whereas *MYC* mRNA levels were comparable among these lymphomas (Fig. [2](#Fig2){ref-type="fig"}A). In the GSE 19069 dataset, *MAX* expression in ALK-positive ALCL patients was lower than in PTCL-NOS, though the difference was not statistically significant. This difference of *MAX* expression in ALK-positive ALCL between the datasets may be attributed to the percentage of tumor cells in each sample. Indeed, the *MAX* expression adjusted to *CD30* expression were comparable between ALK-positive and ALK-negative ALCL in both datasets (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}A, B online). Moreover, we investigated MAX protein expression by immunohistochemistry for 37 and 15 samples of pre-treatment ALCL and PTCL-NOS. Eleven of 37 ALCL patients (30%) lacked MAX expression, whereas 15 of 15 PTCL-NOS patients (100%) showed MAX expression (*p* = 0.008) (Fig. [2](#Fig2){ref-type="fig"}C, Supplementary Table S2 online). These results indicate that MAX may have a critical role in ALCL, and MAX expression may be a candidate biomarker to differentiate between ALCL and PTCL-NOS.Figure 2Comparison of *MAX* and *MYC* mRNA or protein expression between ALCL and the other T-cell lymphomas in other studies and our cases. (**A**) comparison between ALCL and PTCL-NOS in two public dataset (GSE19069 and GSE6823), (**B**) comparison between ALCL and the other major T-cell lymphomas in two public dataset (GSE19069 and GSE58445) and (**C**) comparison between ALCL and PTCL-NOS in our cases. *MAX* mRNA levels in ALCL, particularity ALK-negative ALCL, were lower than those in PTCL-NOS and were also lower than the other T-cell lymphomas, angioimmunoblastic T-cell lymphoma (AITL), adult T-cell lymphoma (ATL) and extranodal natural killer/T-cell lymphoma, nasal type (NK/T). However, *MYC* mRNA levels were similar between ALCL and the others. In our patients, the positive rate of MAX expression in ALCL was significantly lower than that in PTCL-NOS as well. ALK + ALCL, ALK-positive anaplastic large cell lymphoma; ALK-ALCL, ALK-negative anaplastic large cell lymphoma; PTCL-NOS, peripheral T-cell lymphoma, not otherwise specified.

MYC and MAX expression of various T-cell lymphomas {#Sec5}
--------------------------------------------------

We also analyzed *MYC* and *MAX* mRNA expression levels in other T-cell lymphomas compared with ALCL. *MAX* mRNA expression in ALCL cases was significantly lower than that in other T-cell lymphomas (angioimmunoblastic T-cell lymphoma, adult T-cell leukemia/lymphoma, and extranodal natural killer/T-cell lymphoma, nasal type), regardless of *MYC* mRNA expression (Fig. [2](#Fig2){ref-type="fig"}B). Taken together, low MAX expression is specific for ALCL among T-cell lymphoma studied, regardless of MYC expression.

Clinical characteristics according to MAX expression in ALCL patients {#Sec6}
---------------------------------------------------------------------

We compared clinical characteristics between ALCL patients with MAX expression (MAX-positive ALCL) and ALCL patients without MAX expression (MAX-negative ALCL). As shown in Table [1](#Tab1){ref-type="table"}, there were no significant differences in clinical features between MAX-positive and MAX-negative ALCL patients, such as invasion site (*p* = 0.295 to 1.000), clinical stage (*p* = 0.940), IPI (*p* = 0.940), and serum lactate dehydrogenase (*p* = 0.908). Furthermore, no significant difference in MAX expression was observed in cALCL (*p* = 0.391). However, serum soluble interleukin-2 receptor level was higher in MAX-negative ALCL than in MAX-positive ALCL, although the difference was not statistically significant.Table 1Clinical characteristics of ALCL patients according to MAX expression.CharacteristicsMAX-positive ALCLMAX-negative ALCL*P* valueTotal number of patients2611--Age (y), median age (range)57 (11--78)66 (19--81)0.245Sex (male/female)14/127/40.773Invasion site Lymphoid tissue12/26 (46%)8/11 (73%)0.295 Skin10/26 (31%)1/11 (9%)0.060 Lung5/26 (19%)3/11 (27%)1.000 Bone marrow2/26 (8%)2/11 (18%)0.580 Liver2/26 (8%)1/11 (9%)1.000 Soft tissue3/26 (12%)0/11 (0%)0.535 Gastrointestinal region1/26 (4%)1/11 (9%)1.000 Kidney1/26 (4%)0/11 (0%)1.000 Primary cutaneous ALCL7/26 (27%)1/11 (9%)0.391Stage I/II/III/IV/unknown10/1/4/8/34/1/2/4/00.940IPI L/L-I/I-H/H/unknown10/8/1/4/34/4/1/2/00.940 LDH (IU/L) median (range)244 (143--915)239 (143--1,092)0.908sIL-2R (U/ml) median (range)1,680 (240--38,500)6,185 (1,010--90,000)0.099 Chemotherapy16/20 (80%)8/11 (73%)0.676ALCL, anaplastic large cell lymphoma; LDH, lactate dehydrogenase; sIL-2R, soluble interleukin-2 receptor; IPI, International Prognostic Index; L, low risk; L-I, low-intermediate risk; I-H, intermediate-high risk; H, high risk.

Clinical outcomes according to MAX expression in ALCL patients {#Sec7}
--------------------------------------------------------------

We analyzed clinical outcomes of 37 ALCL patients. The 3-year progression-free survival (PFS) and overall survival (OS) rates of all ALCL patients were 55% and 64%, respectively. The 3-year PFS rate was significantly lower in MAX-negative ALCL than in MAX-positive ALCL (18% vs 64%, *p* = 0.044). The 5-year OS rate in MAX-negative ALCL (n = 11) was also significantly lower than that in MAX-positive ALCL (n = 26) (30% vs 77%, *p* = 0.019) (Fig. [3](#Fig3){ref-type="fig"}A). As cALCL is known to have a good prognosis and is usually classified as an independent entity from systemic ALCL, we analyzed PFS and OS again in only systemic ALCL patients (Fig. [3](#Fig3){ref-type="fig"}B). In these patients, 3-year PFS and OS rates in MAX-negative ALCL (n = 10) were significantly lower than those in MAX-positive ALCL (n = 19) (PFS, 23% vs 63%, *p* = 0.016; OS, 19% vs 66%, *p* = 0.016, respectively). Because MYC-MAX heterodimerization is essential for MYC-driven oncogenesis, we stratified patients according to MYC expression and conducted Cox analysis. In our cohort, there were no cases of MYC(-) and MAX(-). MYC-positive ALCL had a poorer prognosis than MYC-negative ALCL, although the difference was not statistically significant (Fig. [3](#Fig3){ref-type="fig"}C). Of note, MAX-positive ALCL had a better prognosis than MAX-negative ALCL, regardless of MYC expression (Fig. [3](#Fig3){ref-type="fig"}D).Figure 3Clinical outcome of ALCL stratified by MAX and MYC expression. (**A**) ALCL patients (including cALCL) lacking MAX expression had poor PFS and OS. (**B**) Systemic ALCL patients (excluding cALCL) lacking MAX expression had a worse prognosis than patients with MAX expression, as in (**A**). (**C**) MYC-positive ALCL patients tended to have a worse prognosis than MYC-negative ALCL patients. (**D**) Both PFS and OS of MAX-negative patients were lower than those of MAX-positive patients, regardless of MYC expression. ALCL, anaplastic large cell lymphoma; cALCL, primary cutaneous anaplastic large cell lymphoma; OS, overall survival; PFS, progression-free survival.

To evaluate the possibility that MAX expression serves as an independent prognostic factor in ALCL, we conducted univariate and multivariate Cox regression analyses for PFS and OS using the following variables: sex, IPI, MYC expression, MAX expression, and ALK expression. In univariate and multivariate analyses for PFS, significant differences were detected in both IPI status (multivariate: *p* = 0.013) and MAX expression (multivariate: *p* = 0.022) (Table [2](#Tab2){ref-type="table"}A). The long-term survival rate associated.Table 2Univariate and multivariate analyses of overall survival (OS) and progression-free survival (PFS).FactorsUnivariateMultivariateHazard ratio (CI)*P* valueHazard ratio (CI)*P* value(A) OSSexmale/female1.680(0.56--6.15)0.367IPIIH and H/L and LI4.304(1.39--13.7)0.0124.434(1.39--14.7)0.013ALKpositive/negative1.111(0.30--3.33)0.860MYCpositive/negative1.754(0.52--8.00)0.383MAXnegative/positive4.192(1.39--12.7)0.0123.908(1.23--13.0)0.022(B) PFSSexmale/female1.030(0.41--2.80)0.951IPIIH and H/L and LI3.040(1.07--8.18)0.0373.167(1.09--8.78)0.034ALKpositive/negative1.500(0.52--3.94)0.437MYCpositive/negative1.495(0.54--4.81)0.452MAXnegative/positive3.200(1.13--8.49)0.0292.874(0.99--8.01)0.044IPI, International Prognostic Index; ALK, Anaplastic lymphoma kinase; MAX, MYC-associated factor X.

Univariate and multivariate analyses for OS also showed a statistically significant difference in both IPI status (univariate: *p* = 0.037, multivariate: *p* = 0.034, respectively) and MAX expression (univariate: *p* = 0.029, multivariate: *p* = 0.044, respectively). Multivariate analysis for OS also showed that both IPI status and MAX expression were independent factors for ALCL (Table [2](#Tab2){ref-type="table"}B). ALK expression was not an independent prognostic factor in this study and there was no statistically difference in PFS and OS between ALK-positive and ALK-negative ALCL. This may be due to similarity of age in these two groups. Although ALK-positive ALCL cases usually have better prognosis than that of ALK-negative ALCL, this difference may be due to the fact that ALK-positive ALCL occurs more frequently at a young patient^[@CR17]^. These results indicate that decreased MAX expression might be a biomarker of poor prognosis in ALCL.

Morphological and immunohistochemical features according to MAX expression in ALCL patients {#Sec8}
-------------------------------------------------------------------------------------------

To characterize pathological features of MAX-positive and MAX-negative ALCL, we examined morphological patterns of all ALCL patients. ALCL is known to have several morphological patterns. Ninety-two percent of MAX-positive ALCL patients were classified into the so-called common type and only 64% of MAX-negative ALCL patients were classified into this type (*p* = 0.037) (Table [3](#Tab3){ref-type="table"}). The remaining MAX-negative patients exhibited non-common patterns such as lymphohistiocytic pattern, small cell pattern, and Hodgkin-like pattern (Fig. [4](#Fig4){ref-type="fig"}A). We also explored the expression of lymphoma-associated markers including CD markers, cytotoxic molecules, and MYC protein. Representative images of immunohistochemical analyses are shown in Fig. [4](#Fig4){ref-type="fig"}B--E. Results of immunohistochemical analysis according to MAX expression are shown in Fig. [4](#Fig4){ref-type="fig"}F and Supplementary Table S3. There was no significant difference in CD markers between MAX-positive and MAX-negative ALCL. MYC expression was explored in 9 out of 11 MAX-negative ALCL patients and observed in these MAX-negative ALCL patients (9 of 9 patients). The MYC expression of the remaining two cases could not be explored because of insufficient specimen. MYC expression was seen in 54% of MAX-positive ALCL patients (13 of 24 patients) (*p* = 0.007). Expression of cytotoxic molecules TIA-1 and granzyme B was observed in all MAX-negative ALCL patients, but only 55% (12 of 22 patients) and 48% (10 of 21 patients) of MAX-positive ALCL patients, respectively (*p* = 0.013, *p* = 0.017, respectively) (see Supplementary Figure S2A online). Moreover, positive rate of Ki-67, CD56 and p63 known as prognostic marker in ALCL was higher in MAX-negative ALCL than in MAX-positive ALCL (Fig. [4](#Fig4){ref-type="fig"}F)^[@CR6],[@CR18],[@CR19]^. Granzyme B was expressed in MYC-positive ALCL as well (*p* = 0.010) (see Supplementary Figure S2B online).Table 3Histological patterns of ALCL according to MAX expression.Histological patternMAX-positive ALCLMAX-negative ALCLTotalCommon pattern24 (92%)\*7 (64%)\*31Other patterns2 (8%)4 (36%)6Lymphohistiocytic pattern011Small-cell pattern011Hodgkin-like pattern224Total26 (100%)11 (100%)37MAX, MYC-associated factor X; ALCL, anaplastic large cell lymphoma. \**p* = 0.037. Figure 4Representative histopathological findings, immunohistochemical findings and results in anaplastic large cell lymphoma (ALCL) cases. (**A**) Representative figures of histological variants, (**B**) representative ALCL case with MYC expression and without Anaplastic lymphoma kinase (ALK) and MYC-associated factor X (MAX) expression, (**C**) representative ALCL case with MYC and MAX expression and without ALK expression, (**D**) representative ALCL case with MYC and ALK expression and without MAX expression, and (**E**) representative ALCL case with ALK and MAX expression and without MYC expression (inset with fourfold magnification), (**F**) the comparison of representative immunohistochemical results between MAX-negative and positive ALCL. Expressions of MYC and cytotoxic molecules were significantly higher in MAX negative-ALCL cases than in MAX-positive ALCL cases. Bars: 50 μm.

FISH results {#Sec9}
------------

We analyzed *TP63* and *DUSP22* rearrangement for ALCL patients without *ALK* rearrangement by FISH. The two ALCL patients with *TP63* rearrangement were included in the MAX-negative ALCL group, whereas all four ALCL patients with *DUSP22* rearrangement were classified into the MAX-positive ALCL group (see Supplementary Table S4A online).

Discussion {#Sec10}
==========

In this study, we found that decreased MAX expression is a potential adverse prognostic factor in ALCL patients. Our results are comparable to those of a previous report of lymphoblastic lymphoma, in which lack of MAX expression was shown as a worse prognostic factor^[@CR16]^. MYC translocation or amplification is associated with an aggressive clinical course in ALCL^[@CR10]--[@CR12],[@CR20]^. As MAX is an essential molecule for the oncogenic activity of MYC to form a heterodimer with MYC protein, it is conceivable that MAX expression affects MYC-driven oncogenic activity in ALCL. Indeed, MYC-positive ALCL patients tended to have a worse prognosis than MYC-negative ALCL patients, although the difference was not statistically significant in our cohort. Moreover, MAX-negative ALCL patients had a worse prognosis than MAX-positive ALCL patients, regardless of MYC expression. This result is rational because MYC transcriptional activity is dependent on MAX. MAX has a biphasic effect on MYC-related transcription activity. Abundant MAX expression generates more MAX-MAX homodimer availability and represses MYC activity through the occupation of DNA binding sites (E-box) of MYC-MAX heterodimer by the homodimer. Decreased MAX protein permits MYC to heterodimerize with MAX instead of MAX-MAX homodimer and to upregulate MYC transcription activity (Fig. [5](#Fig5){ref-type="fig"}). In fact, significantly lower MAX expression was observed in ALCL than in PTCL-NOS, while MYC expression levels were similar between groups both in our study and other data. Interestingly, *MAX* mRNA levels in ALCL were lower than those in other mature T-cell lymphomas, regardless of MYC expression. From these results, this peculiar relationship between MYC and MAX as mentioned above may be characteristic for ALCL. Additionally, the detection of MAX expression may aid in the differential diagnosis between ALCL and PTCL-NOS.Figure 5Hypothetical model of interaction between MYC and MAX in ALCL. (**A**) MAX-MAX homodimer can repress the transcription of an MYC-target. (**B**) MYC-MAX heterodimer can activate MYC-target genes, but MAX-MAX homodimer continues to occupy a part of E-boxes. (**C**) MYC-MAX heterodimer can sufficiently activate the transcription of MYC-target genes. ALCL, anaplastic large cell lymphoma.

From the immunohistochemical results, decreased MAX expression correlated with the expression of cytotoxic molecules such as TIA-1 and granzyme B. Recent reports have shown that expression of cytotoxic molecules may be independent prognostic factors in mature T-cell neoplasms including ALCL^[@CR21]--[@CR23]^. Thus, the prognostic difference between MAX-positive and MAX-negative ALCL may be a result of the expression of these molecules. Most of the p63-positve cases and CD56-positive cases were included in MAX-negative group. The high expression of p63, CD56, and high rates of Ki-67 are also known as prognostic markers of ALCL^[@CR18],[@CR19]^. Additionally, several reports recently described that cytotoxic molecules are expressed in ALCL with *TP63* rearrangement but not in ALCL with *DUSP22* rearrangement^[@CR4],[@CR6]^. This finding is in agreement with our results, which showed that the expression of these molecules was detected in 2 ALCLs with TP63 rearrangement (both of them were MAX negative), but not detected in all 4 ALCLs with *DUSP22* rearrangement (all MAX positive) (see Supplementary Table S4B online). These results indicated that *DUSP22* or *TP63* rearrangement might have a partial influence on the expression of cytotoxic molecules through MAX expression in ALCL.

We also tried to characterize morphological features of MAX-positive or MAX-negative ALCL. Our result that MAX-negative ALCL was related to histological features of non-common variants is consistent with the report of Lamant et al., who showed that ALCL with small cell variant or lymphohistiocytic variant had a worse prognosis than ALCL with common variant^[@CR24]^.

In summary, we demonstrated that (1) decreased MAX expression could be a poor prognostic factor in ALCL, probably through cytotoxic molecules in coordination with MYC, (2) decreased MAX expression is related to histological non-common patterns of ALCL (e.g., patients that had a poor prognosis), and (3) decreased MAX expression might help to distinguish between ALCL and PTCL-NOS.

This study is limited because of a small number of cases so that further extensive studies will be necessary to determine whether the loss of MAX expression is an independent poor prognostic factor in ALCL including the functional analysis of MAX in ALCL.

Methods {#Sec11}
=======

Cell culture, reagents, and materials {#Sec12}
-------------------------------------

Human anaplastic large cell lymphoma (ALCL) cell lines Karpas-299 (K299) and SUDHL-1; Hodgkin lymphoma (HL) cell lines HDLM2, L540, KMH2, and L428; Burkitt lymphoma cell line Raji; and T lymphoblastic lymphoma cell line Jurkat were maintained in RPMI 1,640 medium (Thermo Fisher Scientific, Waltham**,** MA, USA). Diffuse large B cell lymphoma cell line HT was maintained in Dulbecco\'s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific). Media were supplemented with 10% (K299, SUDHL-1, HDLM2, L540, KMH2, HT, Raji, and Jurkat) or 20% (L428) fetal bovine serum (Nichirei, Tokyo, Japan), L-glutamine, and antibiotics (penicillin and streptomycin).

Western blotting {#Sec13}
----------------

Protein extraction and western blotting were conducted as previously described (1). Briefly, equal amounts of protein (20 μg protein/lane) were separated on a 6--15% sodium dodecyl sulfate gel via polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. Primary antibodies used for western blotting were as follows: anti-MYC-associated factor X (MAX) polyclonal IgG antibody (PoAb) (clone: ab101271, Abcam, Cambridge, UK; 1:2000), anti-MYC monoclonal IgG antibody (MoAb) (clone: Y69, Abcam, 1:5,000), and anti-Actin PoAb (clone: I-19, Santa Cruz Biotechnology, Dallas, TX, USA, 1:1,000).

RT-PCR and mRNA expression {#Sec14}
--------------------------

Total RNA was extracted from cells using TRIzol reagent (Thermo Fisher Scientific) and reverse transcribed using the Super Script™ III First-Strand Synthesis SuperMix (Thermo Fisher Scientific) for PCR according to the manufacturer's protocol. MAX and GAPDH cDNA sequences were obtained from the National Center for Biotechnology Information GenBank database (<https://www.ncbi.nlm.nih.gov/genbank/>). cDNAs encoding MAX (NM_002382) and GAPDH (NM_002046) were cloned using PCR from mRNA of lymphoma cell lines. Primers used for PCR were as follows: MAX sense, 5′-AGAGCGACGAAGAGCAACCGA-3′ and MAX anti-sense, 5′-TTGGTCTGCAGTTGGGCA-3′; GAPDH sense, 5′-TGCCTCCTGCACCACCAACT-3′ and GAPDH anti-sense, 5′-CGCCTGCTTCACCACCTTC-3′. PCR was performed with an initial denaturation step at 98 °C for 1 min, followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 5 s, and extension at 72 °C for 45 s. PCR products were run on a 1% Tris--borate-EDTA (TBE) polyacrylamide gel and stained with Ethidium Bromide EtBr.

Gene-expression profiling (GEP) {#Sec15}
-------------------------------

GEP data were obtained from three lymphoma studies (accession numbers GSE19069, GSE58445, and GSE65823) in GEO DataSets^[@CR25]--[@CR27]^. Expression and correlation of MYC and MAX mRNA levels in ALCL and other T-cell lymphomas were examined.

Patients {#Sec16}
--------

Biopsy specimens were obtained from 37 patients diagnosed with ALCL and 15 patients diagnosed with PTCL-NOS from 1993 to 2017 at the Department of Pathology of Saitama Medical Center, Saitama Medical University, and Saitama Red Cross Hospital. All patients were diagnosed according to the World Health Organization classification of hematopoietic and lymphoid tissues 2017 (WHO 2017) by four pathologists (J.T., S.M., T.Y., and M.H.) independently, staged according to the Ann Arbor classification, and classified by International Prognostic Index (IPI). We diagnosed ALCL according to the presence of hallmark cells presenting strong and broad CD30 expression to distinguish from a similar entity, PTCL-NOS. Moreover, 15 PTCL-NOS patients strictly diagnosed according to WHO 2017 were included in this study to determine whether MAX expression is a candidate biomarker to differentiate between ALCL and PTCL-NOS. The study was conducted in accordance with the Declaration of Helsinki of 1975, as revised in 2008 and was approved by the ethics committees of Saitama Medical Center, Saitama Medical University, and Saitama Red Cross Hospital. We also obtained informed consent of all cases.

Immunohistochemical analysis {#Sec17}
----------------------------

Immunohistochemical analysis was performed as previously described^[@CR28]^. Antibodies listed in Supplementary Table [S1](#MOESM1){ref-type="media"} were used for immunohistochemical detection. Immunohistochemical staining was performed using Ventana i-View DAB kit reagents (Ventana Medical Systems, Tucson, AZ, USA) and an automated immunostainer (Ventana ULTRA). Protein expression was blindly assessed by two pathologists (T.Y. and J.T.). Immunohistochemical results were defined as positive or negative according to the proportion of positive cells in 5 fields. Criteria used to indicate positive staining were as follows: all CD markers, TIA-1, and granzyme B, \> 20% of cancer cells stained^[@CR29]^; MAX, ≥ 30% of cancer cells stained^[@CR16]^; MYC, ≥ 40% of cancer cells stained^[@CR25]^; and Ki-67 and p63, ≥ 70% of cancer cells stained^[@CR5],[@CR26]^. Moreover, the intensity of the MAX-positive signal was scored from 0 to 5 + , and \> 3 + was assessed as positive^[@CR16]^.

Fluorescent in situ hybridization (FISH) {#Sec18}
----------------------------------------

FISH probes for *TP63* and *DUSP22* were purchased from ZytoVision GmbH (ZytoLight SPEC *IRF4, DUSP22* Dual Color Break Apart Probe, Bremerharven, Germany) and Empire Genomics (*TP63* Break Apart FISH probe, Williamsville, NY, USA), respectively. For *DUSP22*, break apart probe labeled with Spectrum ZyOrange and ZyGreen labeled polynucleotide target sequences mapping to 6p25.3 distal and proximal to the *DUSP22* gene region, respectively. For *TP63*, break apart probe consisted of distal and proximal regions to *TP63* region in 3q28 and were labeled with Spectrum Orange and Spectrum Green, respectively. Images were obtained and analyzed according to routine institutional protocols. Cut-off levels for positive FISH signal were 10% and 4.5% for *DUSP22* and *TP63*, respectively, as previously described^[@CR6],[@CR25],[@CR30]^. Total counted numbers of target cells were approximately 100 cells for detection of fracture, and all cases were judged by two or more investigators.

Statistical analyses {#Sec19}
--------------------

Comparisons between groups for immunohistochemical analysis were carried out using Fisher's exact test, the Mann--Whitney U test, or the Wilcoxon test. The Kaplan--Meier method and log-rank test were used for comparison of overall survival and progression-free survival between groups separated by immunohistochemical results. Univariate and multivariate Cox regression analyses were performed to test the association between predicted prognostic factors and survival outcome. In all cases, results were considered significant at *p* \< 0.05. Statistical testing was performed using JMP12 (SAS, Tokyo, Japan).
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